Structural models of carbon black CB crystallites in primary particles have been proposed 1 , 2 , and these models have been illustrated as aggregates of graphitic crystallites from structure analyses such as X-ray diffraction XRD , transmission electron microscopy TEM , and scanning tunneling microscopy STM .
However, these structural models cannot sufficiently explain the chemical properties of CB because they provide little information on the chemical states of the hexagonal carbon layers in the graphitic crystallites. Thus, new models considered from a chemical state viewpoint are necessary, especially for CB industries.
Recently, X-ray emission spectroscopy XES and X-ray absorption spectroscopy XAS using soft X-ray synchrotron radiation have attracted much attention for characterization of various industrial carbon materials 3 -8 because these techniques directly reflect the local structure and chemical states as well as reveal the electronicstructure of both occupied and unoccupied orbitals. In particular, XAS has been intensively used for chemical analysis of carbon molecules/materials because XAS measurements are easier and it yields finer spectral profiles than XES. Near edge X-ray absorption fine structure NEXAFS in XAS of many organic molecules have actually been reported in the literature 9 , including alkanes 10 , 11 , alkenes 12 -14 , alcohols/acids 15 , polymers 16 , carbon oxides 17 , and aromatic compounds 18 . We have applied XAS to characterize various industrial carbon materials such as graphite-based materials 19 , amorphous carbon films 20 , diamond semiconductors 21 , and silicon carbide 22 , which have more complex structures than simple organic molecules. In these previous studies, we have found that graphitebased carbon materials often exhibit a broader π* peak in the CK region of XAS spectra compared to graphite. Moreover, a proportional relationship between the π* peak width and the primary particle size has been clearly observed in high-abrasion-furnace CB 23 .
These previous findings suggest that the chemical/electronic states of sp 2 -coordinated carbon atoms in the hexagonal carbon layers depend on the graphitic crystallites in the primary CB particles.
To further investigate the local structure of CB crystallites from a chemical state viewpoint, we have measured the XAS spectra of various CB, and analyzed them using discrete variational DV -Xα molecular orbital calculations 24 , 25 with an emphasis on the π* Yasuji Muramatsu* ,❖ , Ryusuke Harada**, Muneyuki Motoyama*** and Eric M. Gullikson**** To investigate the local structure of carbon black CB crystallites, soft X-ray absorption spectra XAS in the CK region of CB were measured using synchrotron radiation, and the π* peak profile in the CK-XAS was analyzed by the discrete variational DV Xα method. Compared to highly oriented pyrolytic graphite HOPG , CB exhibits a broader π* peak profile where the intensity of the broad portion in CB is proportional to the hydrogen occluded in the CB. However, the broad portion cannot be reduced even in H2-degassed CB by thermal desorption. These findings on the broad π* peak profile can be simulated by the unoccupied C2p density of states DOS of the carbon atoms that form the nonbenzenoid rings and hydrogenated edge carbon atoms. Therefore, plausible origins for the broad π* peak in the CK-XAS of CB are the nonbenzenoid structure and/or hydrogenated edge carbon atoms in the graphitic crystallites.
the XAS profile and the adsorbed hydrogen, the amount of hydrogen occluded in the CB samples was measured by conventional thermal desorption spectroscopy TDS . In addition, the heating effect on the XAS of the N110 and N774 CB samples was evaluated by heating at temperatures of 400, 700, 900, 1400, 2000, and 2800 . XAS of commercially available highly oriented pyrolytic graphite HOPG , C60, C70, anthracene, naphthacene, and pentacene were also measured as references.
XAS measurements in the CK region were performed using synchrotron radiation SR in beamline BL-6.3.2 26 at the Advanced Light Source ALS . All powder samples were held on an indium sheet at the sample holder in the vacuum measurement chamber. Then the sample photocurrent induced by SR irradiation was monitored during SR photon energy scanning, which provided the total-electronyield TEY XAS. The estimated resolving power E/∆E of the incident monochromatized SR beam was 1600 with a 600 lines/mm variable-line-spacing grating and a 40-µm exit slit. Details of the TEY-XAS measurements in the BL-6.3.2 are described elsewhere 6 . Fig.1 shows the TEY-XAS in the CK region of CB and HOPG where the TEY intensity is normalized at the π* peak height of each sample. Compared to HOPG, each CB sample shows a broader spectral profile, especially the broad π* peak around 285.5 eV.
These spectral profiles are the same as those for previously reported high-abrasion-furnace CB 23 . Therefore, it is confirmed that CB generally exhibits a broad π* peak profile. In addition, Fig.1 shows the relative peak height ratio of σ*/π* in CB. The sp 2 -coordinated carbon denoted as sp 2 -C atom generally exhibits both π* and σ* peaks, whereas the sp 3 -coordinated carbon sp 3 -C atom exhibits only a σ* peak. Therefore, the σ*/π* ratio can serve as an index to monitor the change in the sp 3 /sp 2 -C ratio. Each CB has a similar σ*/π* value of approximately 0.7, indicating that each CB has a similar sp 3 /sp 2 -C ratio, which almost entirely results from the sp 2 -C atoms. To clearly describe the broader portions of the π* peak of CB, the subtracted spectra, CB -HOPG , are also shown in the XAS. The subtracted spectra exhibit two peaks at 284.2 eV and 286.2 eV, which reflect the broader π* portions of CB compared to the 285.5-eV π* peak of HOPG. In the broader portions, the 284.2-eV eV in the subtracted spectra is denoted as the pre-peak, which may be an index for the broader portions in the π* peak of CB compared to HOPG.
Fig.2
Upper panel a shows the pre-peak height dependence on the specific surface area by nitrogen adsorption NSA . Lower panel b shows the normalized pre-peak height dependence on the amount of H2 thermally desorbed from CB.
peak is denoted as the pre-peak. Fig.2 a shows the relationship between the pre-peak height and the specific surface area by nitrogen adsorption NSA of the CB samples which shows that the prepeak height proportionally decreases as NSA increases 23 . This suggests that the graphitic local structure of CB depends on the primary particle size. shows that the pre-peak height, which is derived from the subtracted spectra, CB -HOPG , decreases as the heating temperature increases. However, the dependence of the σ*/π* ratio on the heating temperature is negligible, implying that the carbon atoms have sp 2 coordination upon heating. Fig.4 a shows the heatingtemperature dependence in N110 of the desorbed H2 amount and the pre-peak height. H2 decreases as the heating temperature increases, and H2 cannot be desorbed when heating above 1500 .
The pre-peak height also decreases as the heating temperature increases. A decrease in the pre-peak height means that the local structure of the CB crystallites is close to the graphitic structure similar to HOPG. It is well known that graphitization of CB proceeds by high-temperature heating at approximately 2000 3000 .
Consequently, such desorption of H2 and the decrease in the prepeak height upon heating may be rationalized by the graphitization reaction of CB crystallites. However, the pre-peak height remains even when heating at 2000 . that the normalized pre-peak height is almost proportional to the H2 amount. However, the pre-peak remains even in almost H2-degassed N110 heated above 1500 , implying that the origin of shows the heating-temperature dependence for N774 of the desorbed H2 amount and the pre-peak height. N774 also shows that the H2 amount and the pre-peak height decrease as the heating temperature increases. In particular, H2 can be almost degassed with a higher temperature of 2000 , which is similar to the results for N110 shown in Fig.4 a . Fig.6 b shows the relationship between the pre-peak height normalized by NSA and the amount of H2 in heated N774. The normalized pre-peak intensity is proportional to the H2 amount. However, the pre-peak remains even in almost H2-degassed N774 heated above 2000 , implying that similar to heated N110, the origin of the pre-peak is not only the hydrogenated graphitic structure, but also the other graphitized carbon structures. Fig.7 shows CK-XAS of the CB N110 and reference compounds HOPG, C60, C70, anthracene, naphthacene, pentacene composed of sp 2 -C atoms. Comparing the broad π* peak profile of CB, which can be clearly described in the subtracted spectrum of CB -HOPG , to the reference compounds, the lower-energy broad portion i.e.
pre-peak around 284 eV and the higher-energy portion around 286 eV in CB nearly correspond to the lower-energy peak/shoulders and the higher-energy ones in the reference compounds, respectively.
It is well known that the fine spectral features around the π* peaks of fullerenes originate from the sp 2 -C atoms that form symmetrical cage structures with hexagonal and pentagonal carbon rings. On the other hand, the polycyclic aromatic hydrocarbons PAH of anthracene, naphthacene, and pentacene are formed by sp 2 -C atoms shared by hexagonal rings and hydrogenated edge carbon atoms. From the spectral similarity between CB and the reference compounds, we hypothesize that the broad portions of the π* peak in CB are attributed to the nonbenzenoid structures and/or hydrogenated edge carbon atoms in the graphitic crystallites.
To verify this hypothesis, we calculated the density of states DOS of select benzenoid and nonbenzenoid cluster models 27 where the edge carbon atoms are terminated by hydrogen using the DV-Xα method. Prior to the DV-Xα molecular orbital MO calculations, the appropriate cluster models were formed with structural optimization by the molecular mechanics MM2 method. The DV-Xα calculations were performed on the ground states with a basis set of 1s, 2s, and 2p orbitals for the carbon atoms using commercially available DV-Xα software. To compare the calculated DOS to the measured XAS profile, the unoccupied C2p-and C2s-DOS of the cluster models were broadened with 0.5-eV-wide Lorentzian functions. The MO energy of the highest occupied molecular orbital HOMO was aligned at 0 eV on the MO energy scale. The upper panels of Fig.8 show the benzenoid C96H24 and nonbenzenoid C80H20, C112H28 cluster models, while the lower panels show their unoccupied C2p-and C2s-DOS. In these models, the carbon atoms are numbered as 1C -7C from the center atoms to the edge atoms. Thus, edge 7C atoms are terminated by hydrogen. The benzenoid C96H24 model, which is composed solely of hexagonal rings, takes a planar shape.
The nonbenzenoid C80H20 and C112H28 models have a pentagonal ring and a heptagonal ring, respectively, at the center of the clusters.
Due to the nonbenzenoid rings introduced in the graphitic structures, the C80H20 model has a convexo-concave shape, while the C112H28 model has a twisted shape. The lower panels in Fig.8 show the unoccupied C2p-and C2s-DOS of the 1C -7C atoms in the cluster models. According to the selection rule for a dipole transition, the C2p-DOS roughly reflects the CK-XAS as the first approximation.
In the benzenoid C96H24 model, the C2p-DOS of center atom 1C exhibits a sharp peak at 4 eV in the MO energy, which corresponds to the π* peak, whereas hydrogenated edge atom 7C exhibits a broader π* peak profile compared to that of 1C. This shows that the hydrogenated edge carbon atoms have broader C2p-DOS compared to the inner carbon atoms. In the nonbenzenoid C80H20 model, which has a pentagonal ring in the cluster center, center atom 1C has a finer and broader π* peak structure compared to 1C in benzenoid C96H24.
A shoulder peak can be clearly observed at 2. the measured subtracted spectra of CB -HOPG . Therefore, it is concluded that the nonbenzenoid structure is one of the plausible origins for the broad π* peak in the CK-XAS of CB. As Figs.4 and 6 respectively show, the pre-peak remains even in H2-degassed N110
and N774. This observation can be explained by the nonbenzenoid structure. The 7C -Hex1C spectra also show that the hydrogenated Fig.9 . Consequently, it is confirmed that the broad C2p-DOS of the π* peak can be obtained by nonbenzenoid carbon atoms as well as hydrogenated edge carbon atoms. Hence, the nonbenzenoid structure and the hydrogenated edge carbon atoms are both plausible origins for the broad π* peak in the CK-XAS of CB.
We observed and then compared the broad π* peak profile in the CK-XAS of CB to HOPG. We found that the intensity of the broader portions is proportional to the H2 amount occluded in CB, and that the small broader portions remain even in H2-degassed CB. To clarify these findings from a local-structure point of view, the DOS of various graphitic cluster models, which contained some nonbenzenoid rings with hydrogen-termination, were calculated by the DV-Xα method. Then by comparing carbon atoms, which either formed nonbenzenoid rings or were bonded to hydrogen atoms at the graphitic edges, to carbon atoms which formed graphitic hexagonal rings, it is concluded that carbon atoms forming the nonbenzenoid 
